Abstract The latitudinal motion of the Tibetan Himalaya-the northernmost continental unit of the Indian plate-is a key component in testing paleogeographic reconstructions of the Indian plate before the India-Asia collision. Paleomagnetic studies of sedimentary rocks (mostly carbonate rocks) from the Tibetan Himalaya are complicated by potentially pervasive yet cryptic remagnetization. Although traditional paleomagnetic field tests reveal some of this remagnetization, secondary remanence acquired prior to folding or tilting easily escapes detection. Here we describe comprehensive rock magnetic and petrographic investigations of Jurassic to Paleocene carbonate and volcaniclastic rocks from Tibetan Himalayan strata (Tingri and Gamba areas). These units have been the focus of several key paleomagnetic studies for Greater Indian paleogeography. Our results reveal that while the dominant magnetic carrier in both carbonate and volcaniclastic rocks is magnetite, their magnetic and petrographic characteristics are distinctly different. Carbonate rocks have "wasp-waisted" hysteresis loops, suppressed Verwey transitions, extremely fine grain sizes (superparamagnetic), and strong frequency-dependent magnetic susceptibility. Volcaniclastic rocks exhibit "pot-bellied" hysteresis loops and distinct Verwey transitions. Electron microscopy reveals that magnetite grains in carbonate rocks are pseudomorphs of early diagenetic pyrite, whereas detrital magnetite is abundant and pyrite is rarely oxidized in the volcaniclastic rocks. We suggest that the volcaniclastic rocks retain a primary remanence, but oxidation of early diagenetic iron sulfide to fine-grained magnetite has likely caused widespread chemical remagnetization of the carbonate units. We recommend that thorough rock magnetic and petrographic investigations are prerequisites for paleomagnetic studies throughout southern Tibet and everywhere in general.
Introduction
Quantitative paleogeographic reconstructions are best constrained if they are based on marine magnetic anomalies and fracture zones in the world's oceans, but where continent-derived terranes are presently surrounded by sutures and/or fold-thrust belts, quantification of their past plate motion relies heavily on paleomagnetic observation. For example, Indian Ocean reconstructions show that the Indian plate was once part of east Gondwana, but rifted from Gondwana during the Early Cretaceous, and after Late Cretaceous to Paleogene northward drift, it collided with the southernmost margin of Asia to form the Himalayan fold-thrust belt and contribute to the crustal thickening of the Tibetan Plateau in Cenozoic (Figure 1a ) [e.g., Klootwijk, 1984; Garzanti, 1999; Yin and Harrison, 2000; van Hinsbergen et al., 2011] . Within the Himalaya, however, continent-derived rock units exist that are at present surrounded by major thrusts (Figure 1b) and that therefore have a motion history relative to both Eurasia and India. To quantify that motion history, paleomagnetic investigations of the Tibetan Himalaya (TH), which represents the northernmost continental crust derived from the Indian plate [e.g., Powell and Conaghan, 1973; Hodges, 2000] , have focused on Mesozoic and Cenozoic strata. The paleolatitudes calculated from these studies are then compared to the paleolatitudes of the Indian continent (derived from a Global Apparent Polar Wander Path) [e.g., Torsvik et al., 2012] and constrain the dimension of "Greater India" (defined as the retrodeformed area between the former northern margin of the TH and the modern southernmost thrust of the Himalaya) through time ( Figure 1c ) [e.g., Huang et al., 2015d] . Most of these paleomagnetic studies targeted the widespread Tibetan Himalayan carbonate rocks (poles 16-22 and 27-33 in Figure 1c and Table S1 in the supporting information) [Klootwijk and Bingham, 1980; Klootwijk et al., 1983; Besse et al., 1984; Appel et al., 1991 Appel et al., , 1998 Patzelt et al., 1996; Schill et al., 2002; Crouzet et al., 2003; Tong et al., 2008; Yi et al., 2011; Ran et al., 2012; Liebke et al., 2013; Huang et al., 2015c] , except for a few poles calculated from Lower Cretaceous volcaniclastic sandstones and coeval lavas (poles 23-26 in Figure 1c ) [Klootwijk and Bingham, 1980; Huang et al., 2015c; Yang et al., 2015; Ma et al., 2016] and Ordovician red beds (pole 34 in Figure 1c ) [Torsvik et al., 2009] . However, in addition to the potential shallowing of the inclination induced by compaction [Kodama, 2012] , carbonate rocks are notorious for suffering from pervasive remagnetization which can be at times cryptic and difficult to recognize even with rigorous paleomagnetic field tests [McCabe et al., 1983; Jackson, 1990; Dekkers, 2012; van der Voo and Torsvik, 2012] . Huang et al. [2015d] ). (b) Simplified geologic map of the Himalaya, modified from Li et al. [2015] . (c) Paleolatitudes of a reference site (29°N, 88°E) in Eurasian, Greater Asian, Tibetan Himalayan, and Indian reference frames, modified from , Lippert et al. [2014] , and Hu et al. [2016a] . Numbers correspond to paleomagnetic poles described and listed in Table S1 with references in Hu et al. [2016a] . Poles 1 and 2 are determined from lavas in cratonic India, poles 3-15 are determined from volcanic and clastic rocks from the Qiangtang and Lhasa terranes, and Xigaze fore arc. Poles 16-22 and 27 of the Tibetan Himalaya (TH) are determined from remagnetized carbonate rocks. The reliability of the Triassic poles 28-33 from the TH, which are also determined from carbonate rocks, should be reevaluated by future studies. Poles 16, 17, and 22 were mistakenly used to constrain the size of Greater India and initiation of the India-Asia collision and as discussed here and in Huang et al. [2017] .
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Of particular concern, rocks so far studied in the Himalaya rarely record a primary remanent magnetization (NRM). Secondary magnetizations residing in pyrrhotite have been obtained from low-grade metamorphic rocks (mostly metacarbonate rocks); these data have been used to assess tectonic deformation and final thrusting-related thermotectonic processes across the Himalaya [Appel et al., 2012, and references therein] . Secondary NRMs residing in magnetite have also been recently identified from unmetamorphosed Jurassic and Paleogene Tibetan Himalayan carbonate rocks (poles 16, 17, 20, and 27 in Figure 1c ) [Liebke et al., 2013; Huang et al., 2015c Huang et al., , 2017 . Consequently, paleogeographic implications of the paleomagnetic data from the TH can be misinterpreted when remagnetized rocks are assumed to carry a primary NRM (poles 16-22 in Figure 1c ) [Besse et al., 1984; Patzelt et al., 1996; Appel et al., 1998; Tong et al., 2008; Yi et al., 2011] . Remagnetization residing in secondary magnetite is particularly insidious because it can occur prefolding (pole 27 in Figure 1c ) [Huang et al., 2015c] , synfolding (poles 16 and 17 in Figure 1c ) [Huang et al., 2017] , or postfolding (pole 20 in Figure 1c ) [Liebke et al., 2013] . Traditional paleomagnetic field tests (the fold test, reversals test, conglomerate test, and baked contact test), even when available, can thus provide only a loose constraint on the origin of the NRM and may not reveal remagnetization at all. Therefore, rigorous criteria independent from paleomagnetic directional information are required for diagnosing remagnetization of carbonate rocks not only in Himalayas but also in orogens worldwide.
In conjunction with our recent work on Paleogene carbonate rocks in the Gamba area [Huang et al., 2017] , here we present results from our study of 65 specimens from Jurassic to Paleogene carbonate and volcaniclastic strata of the TH in the Tingri area. We also report results from seven new specimens from Upper Cretaceous carbonate strata in the Gamba area. Specifically, we use high-temperature thermomagnetic experiments, room temperature hysteresis measurements, and low-temperature magnetic experiments to reveal the nature and characteristics of the NRM. We supplement these magnetic measurements with scanning electron microscopy (SEM) and energy-dispersive X-ray spectrometry (EDS) to visually and chemically characterize the magnetic minerals and test our rock magnetic interpretations. We use these observations to compare the rock magnetic and petrographic characteristics of the carbonate rocks to those of the volcaniclastic rocks. Acquisition mechanisms of the NRM carried by Tibetan Himalayan carbonate and volcaniclastic rocks are discussed. Most importantly, we propose rock magnetic and petrographic criteria, which are completely independent from paleomagnetic directions, to evaluate the origin of NRM retained in Tibetan Himalayan rock sequences, criteria that can be easily exported to other orogens.
Geological Background and Sampling
The Mesozoic and Cenozoic Tibetan Himalayan sedimentary successions, characterized by passive margin deposits, are well exposed in the Tingri and Gamba areas in southern Tibet (Figure 1b) . Detailed stratigraphic descriptions of the sections can be found in Text S1 in the supporting information [e.g., Willems et al., 1996; Jadoul et al., 1998; Wan et al., 2002; Zhu et al., 2005; Wendler et al., 2009; Hu et al., 2010 Hu et al., , 2012 Najman et al., 2010; Li and Hu, 2013; Du et al., 2015; Han et al., 2016] . We collected 50 carbonate specimens from Jurassic to Paleogene strata in four sections (I-IV) located at 28.48°N/87.04°E, 28.71°N/86.72°E, 28.69°N/86.71°E, and 28.68°N/86.73°E in the Tingri area (Figure 2a ). We also collected 15 volcaniclastic specimens from the Lower Cretaceous Wölong Formation in Section I (Figure 2a) . In addition to our recent work on Paleogene carbonate rocks in the Gamba area [Huang et al., 2017] , we also collected seven carbonate specimens from the uppermost Cretaceous strata in Section V located at 28.28°N/88.52°E near Gamba county (Figure 2b ). The Jurassic carbonate and Lower Cretaceous volcaniclastic sandstones in Section I were used to determine poles 27 and 24 (Figure 1c ), respectively [Huang et al., 2015c] . The coeval Campanian carbonate rocks which arẽ 20 km away from Section III were used to determine pole 21 [Appel et al., 1998 ]. The Zongshan carbonate rocks in Section V were used to determined pole 22 [Patzelt et al., 1996] . Poles 18-20 were determined from Paleogene carbonate rocks in Section IV and nearby region in the Tingri area [Besse et al., 1984; Tong et al., 2008; Liebke et al., 2013] . Poles 16 and 17 were determined from Paleogene carbonate rocks near Gamba county [Patzelt et al., 1996; Yi et al., 2011] .
Rock Magnetism
the methods used for these analyses and of the analyzed specimens are provided in Text S2 in the supporting information.
Thermomagnetic Runs
High-temperature susceptibility measurements on most carbonate specimens from the Tingri and Gamba areas are characterized by a decrease of susceptibility before 400°C followed by an increase in susceptibility in the temperature range of 420-500°C (Figures 3 and 4d) . We attribute this behavior to the formation of new magnetite by oxidation of pyrite [Zegers et al., 2003] . All of the specimens show a sharp decrease in magnetization with increasing temperature up to 580°C (Figures 3 and 4a-4d) . The Curie temperatures determined from the first derivative of the measured data ranged from 550 to 580°C, indicating the presence of magnetite [Dunlop and Ödemir, 1997] . Additional loss of susceptibility was also observed in some specimens with increasing temperature up to 650°C (Figures 3a-3g, 3j , and 3n), indicating the minor presence of hematite [Dunlop and Ödemir, 1997] . The hematite interpretation (or maghemite) is supported by the observation of the Morin transition in low-temperature measurements (see section 3.3.2). The cooling curves for all specimens show a large increase in susceptibility (Figures 3, 4a, and 4c ), which we interpret as a consequence of the alteration of pyrite and possibly other Fe-bearing minerals [e.g., Liu et al., 2005] . Also, detaching of Febearing coatings on silicates can lead to magnetite formation during heating. High-temperature susceptibility experiments performed on the Wölong volcaniclastic sandstones yield results (Figures 5a-5d ) similar to those of the carbonate specimens (Figures 3 and 4a-4d ). All specimens show a rapid decrease in magnetization with increasing temperature up to 580°C, typical for magnetite. Some specimens are also characterized by an increase in susceptibility above 420°C (Figure 5d ), consistent with the aforementioned (Figures 5a-5d) indicates that hematite makes a minor contribution to the bulk susceptibility.
Room Temperature Hysteresis Measurements
Hysteresis loops for each of the carbonate specimens, except those from the Zongshan Formation (Figures 4e-4h) , are "wasp waisted" (Figures 6a-6r ), indicating the combination of two or more magnetic components with contrasting coercivities [Jackson, 1990; Roberts et al., 1995] or different size fractions of a single mineral [Tauxe et al., 1996; Dunlop, 2002] . The low B c and B cr values for most specimens indicate Figure S2 and Table S5 in the supporting information.
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that the dominant magnetic carrier has a low coercivity (Table S2 in the supporting information). Most specimens are essentially saturated at 500 mT ( Figure 6 ); others show a slow approach to saturation and an irreversible magnetization in the field range of 0.5-1 T (Figure 6 ), indicating a minor contribution from magnetic mineral(s) with higher coercivities. These observations indicate that magnetite with contrasting size fractions is the dominant magnetic carrier for these carbonate rocks, whereas the contribution to magnetization from hematite is minor. This is consistent with the results from the thermomagnetic experiments.
In contrast to the wasp-waisted shape of the hysteresis loops for carbonate specimens from the Jurassic to Paleogene strata in the Tingri area and Jiubao and Zongpu Formations in the Gamba area [Huang et al., 2015c [Huang et al., , 2017 (Figure 6 ), hysteresis loops for the carbonate specimens from the Zongshan Formation and (Table S2) . Together with the saturation by 0.5 T (Figures 4e-4h and 5e-5h), hysteresis characteristics indicate the dominance of a low-coercivity component, probably magnetite, in these specimens.
On a Day plot (Figure 6s ), hysteresis data of carbonate specimens from the Jurassic to Paleogene strata in the Tingri area and Jiubao Formation in the Gamba area plot near the superparamagnetic (SP) + single domain (SD) mixing curves or SP + pseudosingle domain (PSD) mixing curves [Day et al., 1977; Dunlop, 2002] . When hysteresis data of the Zongpu carbonate rocks in the Gamba area are also plotted [Huang et al., 2017] , there is a trend that most Paleogene specimens are distributed along the SP + SD mixing curves, whereas Mesozoic specimens cluster in the SP + PSD region (Figure 6s ). The low B c and B cr values indicate that the wasp-waisted loops for these specimens cannot be attributed to hard antiferromagnetic admixtures (Table S2 ). Instead, they are likely the result of the combination of SD/PSD and SP magnetite in the specimens. In contrast, most specimens from the Zongshan and Wölong Formations plot near the SD + multidomain (MD) mixing curves ( Figure 6s ).
3.3. Low-Temperature Magnetic Properties 3.3.1. Low-Temperature Hysteresis Loops Low-temperature hysteresis measurements on a representative carbonate specimen JB66 from the upper Kioto Group (Tingri area) show large and progressive increases in M s , M r , and B c with a decrease in the temperature of the measurements (Figures 7a-7c) . A broadening shift of the M rh curves [Rivas et al., 1981; Fabian and Dobeneck, 1997] Table S3 in the supporting information). These observations are consistent with a progressive translation of the SP-SSD threshold toward finer particle sizes upon cooling through. The sharp increase in M s and M r values below 40 K is partially due to the nonlinear paramagnetic signal affecting the approach-to-saturation calculations [Jackson and Swanson-Hysell, 2012] . It may also be caused by ordering of an unidentified iron-bearing phase [Jackson and Worm, 2001] . The shape parameter σ defined by Fabian [2003] quantifies the gradual shape change of the loops from strongly wasp waisted (σ > 0) to more pot bellied (σ < 0) at low temperature ( Figure 7h ). The transition between positive and negative σ values occurs below 30 K for specimen JB66 (Table S3) (Figures 8c-8g ), which is associated with the Morin transition and therefore the minor presence of nanoparticle hematite [Özdemir et al., 2008] . After the small decrease, the remanence of most specimens continues increasing and arrives a broad maximum around 150-200 K (Figures 8a and 8c-8f ) or 120-170 K (Figures 8g and 8h) . No sharp change in magnetic properties is observed between 110 and 120 K (the Verwey transition, T v in magnetite) (Figures 8a-8h) [Özdemir et al., 1993] , and we infer that the broad maximum and suppressed Verwey transition are likely to be associated with partial maghemitization of magnetite [Özdemir et al., 1993; Özdemir and Dunlop, 2010] . Specimen JA132 has a monotonic increase in remanence down to 50 K (Figure 8b ), indicating that magnetite has been essentially completely maghemitized [Özdemir et al., 1993; Özdemir and Dunlop, 2010; Chang et al., 2013] .
The low-temperature zero-field cooled (ZFC) SIRM warming curves for all carbonate specimens undergo a monotonic decrease without a Verwey transition (Figures 8i-8p) . Between 20 and 40 K, the low-temperature ZFC SIRM exhibits a sharp decrease of~40% for specimens from the Jurassic strata and~30% for specimens from the Paleogene strata (Figures 8i-8p ). Similar sharp drops have been interpreted as evidence for nanoscale magnetic particles with an oxidized surface shell and unoxidized magnetite core [Özdemir et al., 1993] . The oxidized surface shell with a smaller lattice parameter than the unoxidized magnetite core will stretch and ultimately crack, which can significantly reduce the volume of stoichiometric magnetite and lead to [Fabian, 2003] of JB66 after correction for paramagnetic contribution, all as a function of temperature. Hysteresis data are presented in Table S3 .
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Zongpu Formation. Calculation of the particle size distribution from ZFC SIRM curves using the method of Worm and Jackson [1999] indicates a broad, unimodal size distribution of the SP particles with peaks at 10 À24 m 3 (10 nm in diameter) (Figures 8q-8x ). Careful inspection of the calculated particle size distribution also indicates that the fraction of magnetite with a volume ≤ 3.2 × 10 À24 m 3 (~15 nm in diameter) in specimens from the Jurassic strata is larger than that in specimens from the Paleogene Zongpu Formation (Figures 8q-8x ). These results are in good agreement with most of the room temperature hysteresis data, which plot along the SP-SD or SP-PSD mixing curves in the Day plot (Figure 6s ) [Dunlop, 2002] .
In the LTC RTSIRM curves of volcaniclastic specimens from the Wölong Formation (Tingri area), the remanence first increases slightly then shows a small drop at 226-248 K and an extremely sharp drop at 117 K during cooling, as indicated by the derivative of the LTC curves (Figures 5i-5l ). These observations are consistent with the Morin transition for hematite [Özdemir et al., 2008] and Verwey transition for inorganic magnetite [Özdemir et al., 1993] . ZFC SIRM warming curves for specimens TR5, TR72, and TR128 show distinct warming features across the Verwey transition with the T v calculated from the derivative of remanence versus temperature at 118 K (Figures 5m-5o) . The Verwey transition for specimen TR239 is weak and has a calculated T v of 123 K (Figure 5p ).
Low-Temperature AC Susceptibility
In general, the measured susceptibilities of these specimens depend strongly on frequency and temperature ( Figure 9 ). The in-phase susceptibilities (χ 0 ) and the out-of-phase susceptibilities (χ″) generally decrease and increase in magnitude with increasing frequency, respectively, indicating a broad distribution of nanoscale magnetite. χ″ remains much smaller than χ 0 for all frequencies and temperatures. The χ 0 of specimen JA52 exhibits maxima that decrease in magnitude and shift toward higher temperatures with increasing frequencies (Figure 9a ). The χ″ component of JA52 also exhibits maxima occurring at lower temperatures than those of χ 0 (Figures 9a and 9b) . For specimens JB66, JD23, and 09QMB6.1, the χ 0 at multiple frequencies decreases significantly when warming from 20 K to 50 K (Figures 9c, 9e , and 9g). We attribute this mainly to the presence of paramagnetic materials, where paramagnetic susceptibility depends inversely on absolute temperature and has no frequency dependence. In contrast to the very strong frequency dependence of χ 0 for specimen JA52 down to 20 K, the frequency dependence of χ 0 for specimens JB66, 09QMB6.1, and especially for JD23 is relatively weak at 20 K (Figures 9c, 9e , and 9g). However, χ 0 of these specimens diverges quickly at different frequencies as temperature increases, indicating that the SP-SSD threshold shifts to larger sizes and some SSD particles become gradually unblocked and exhibit SP behavior with increasing temperature. The sharp increase and very strong frequency dependence of χ 0 at 20-40 K probably indicate that the fraction of very fine grained (~10 nm) magnetite in specimen JA52 is significant [Worm and Jackson, 1999] , which is consistent with the calculated particle size distribution from ZFC SIRM warming curves (Figure 8q ). Although the measured χ″ is noisy (especially at high frequencies, as is typical for MPMS instruments), it is generally indistinguishable from the calculated values of À(π/2) dχ 0 /d(ln(f)) (Figures 9b, 9d , 9f, and 9h), where f is the frequency, defined by the Néel relation [Néel, 1949] , implying that χ″ originates primarily in a thermal relaxation mechanism.
SEM Observation and EDS Analysis
To supplement our recent petrographic work on the Jurassic carbonate (10 specimens) and Lower Cretaceous volcaniclastic strata (seven specimens) in Section I [Huang et al., 2015c] (see also supporting information Text S1), here we made SEM observations with EDS analysis on 38 carbonate and volcaniclastic specimens from the Cretaceous and Paleogene strata (six from Wölong in Tingri, seven from Gambacunkou in Tingri, one from Jiubao in Tingri, six from Zhepureshanpo in Tingri, 11 from Zongpu in Tingri, three from Jiubao in Gamba, and four from Zongshan in Gamba). SEM observations were conducted on a FEI GEG-650 scanning electron microscope, operated at 12 or 15 kV and 40-60 nA at the SEM laboratory at the Key Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences, Peking University (Beijing, China). EDS analysis was subsequently conducted to obtain compositional information.
Similar to what we observed in the Jurassic carbonate rocks in Section I [Huang et al., 2015c] , two different morphologies of magnetic minerals are identified in the Late Cretaceous to early Paleogene carbonate rocks excluding those from the Zongshan Formation in the Gamba area ( Figure 10 ). We interpret both of these populations to be composed of magnetite based on the EDS analysis ( Figure S1 and supporting information) and rock magnetic results. One group comprises framboid aggregating up to 80 μm in diameter (Figures 10b-10e, 10g-10i, 10o , 10s, and 10v-10x). The framboids are typically either loosely or tightly clustered subeuhedral to euhedral magnetite crystals of up a few micrometers in size. Some finer particles can be seen, but the population with a particle diameter of~10 nm inferred from LT measurements could not be resolved with the SEM. Some of the euhedral magnetite crystals within the 
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framboids show growth zoning (Figure 10h ). The second phase of magnetite is subeuhedral to euhedral with crystal sizes ranging from a few micrometers to >100 μm (Figures 10j-10p, 10r , 10t, and 10u). Rims with darker backscattered electron images are usually observed around these subeuhedral to euhedral Figure S1 and 
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magnetite crystals (Figures 10l, 10n , and 10u). We also observe iron sulfides with brighter backscattered electron images (Figures 10b, 10c , 10e, 10g, and 10r). These grains usually occur as framboids (Figure 10q) , may be present in the cores of fine-grained magnetite crystals in the framboids (Figures 10b, 10c , 10e, and 10g), or are the cores of subeuhedral to euhedral magnetite crystals (Figure 10r ). Rutile (Figure 10a ) is usually pseudomorphic after titanomagnetite and exists as rims of or as inclusion in the preexisting titanomagnetite. Rutile can also be a solid-state exsolution feature of titanomagnetite, as when they occur as trellises composed of rutile lamellae (Figure 9f ). The rutile is thus the diagenetic alteration product of detrital titanomagnetite with iron completely leached from the particles. Thus, we observe no detrital magnetite, but our petrography shows abundant authigenic magnetite that likely formed as an oxidation product of pyrite or other iron sulfides.
In the carbonate specimens from the Zongshan Formation in the Gamba area, we identified magnetite with both framboidal (Figures 4i, 4l , 4o, and 4q) and subeuhedral to euhedral (Figures 4j, 4k , and 4r) morphologies ( Figure S2 and Table S5 in the supporting information). These magnetite grains have a clear authigenic origin with characteristics similar to those described in the precede paragraph. The rutile is pseudomorphic after titanomagnetite (Figures 4l, 4p , 4s, 4t, and S2), just as we found in other carbonate rocks (Figures 10a and  10f ). Moreover, a minor phase of detrital titanomagnetite was identified (Figures 4n, 4p , and 4s). These titanomagnetite grains survived the diagenetic alteration with iron partially to completely preserved ( Figure S2 and Table S5 ).
In the volcaniclastic specimens from the Wölong Formation, we identified detrital magnetite (Figures 5q, 5r , 5u, 5v, and S2 and Table S5 ) from dark blue fresh specimens with a well-defined characteristic remanent magnetization (ChRM, Figures S3e-S3g in the supporting information). Framboidal and subeuhedral to euhedral authigenic magnetite was also observed in some yellowish weathered specimens (Figures 5t and 5x ), from which a recent overprint by the present-day geomagnetic field (PDF) was isolated ( Figure S3h ). Some detrital titanomagnetite grains have been completely altered to amorphous rutile with little iron left in the crystal (Figures 5v and S2 and Table S3 ). Pyrite and sphalerite are not oxidized in these fresh specimens (Figures 5r, 5s , and 5w), but pyrite is oxidized to magnetite in the weathered specimens (Figures 5t and  5x ). These observations are consistent with our previous SEM and EDS work on the Wölong volcaniclastic rocks [Huang et al., 2015c] .
Discussion
Origin of ChRM Retained in the Zongshan Carbonate Rocks and Wölong Volcaniclastic Sandstones
Carbonate rocks from the Zongshan Formation in the Gamba area have been used to constrain the latest Cretaceous paleolatitude (pole 22 in Figure 1c and Table S1 ) of the Tibetan Himalaya and therefore the dimensions of Greater India [Patzelt et al., 1996] . Our recent work has shown that fold tests of the ChRMs from these rocks are inconclusive and that these carbonate rocks are almost certainly remagnetized [Huang et al., 2017] . Here we provide detailed rock magnetic and petrographic work to substantiate that argument. Our thermomagnetic experiments and hysteresis measurements indicate that magnetite is the dominant magnetic carrier in these rocks, consistent with previous rock magnetic work [Patzelt et al., 1996] . Our SEM observations and EDS analysis, however, show that detrital (titano)magnetite has been extensively altered to rutile with few (titano)magnetite grains preserved (Figures 4l-4n , 4p, 4s, and 4t). In contrast, authigenic magnetite pseudomorphic after framboidal or subeuhedral to euhedral pyrite is omnipresent in these rocks 4o, 4q, and 4r) . Therefore, the CRM carried by authigenic magnetite with a broad size distribution is strong enough to "swamp" the primary depositional remanent magnetite (DRM) carried by detrital (titano)magnetite. We argue that the ChRM isolated by either alternating field (AF) or thermal demagnetization is probably a combination of CRM and minor DRM and therefore cannot faithfully represent the primary NRM induced by the geomagnetic field during the deposition of these rocks. Thus, the latitude of the Tibetan Himalaya during latest Cretaceous times determined from the Zongshan carbonate rocks so far published is unreliable.
The ChRM isolated from the volcaniclastic sandstones of the Wölong Formation has been interpreted to be primary and used to determine the Early Cretaceous latitude of the Tibetan Himalaya. The applied elongation/inclination correction [Tauxe and Kent, 2004] Figure 1c and Table S1 ) is consistent with results reported from coeval volcaniclastic sandstones (pole 23 in Figure 1c ) and lavas (poles 25 and 26) in southern Tibet [Klootwijk and Bingham, 1980; Yang et al., 2015; Ma et al., 2016] . Our new extensive rock magnetic and petrographic investigation further supports the interpretation that the NRM is primary. For these dark blue, fresh volcaniclastic sandstone specimens, thermomagnetic experiments, hysteresis measurements, and low-temperature remanence tests consistently indicate that the dominant magnetic carrier is pseudosingle domain (PSD) magnetite with a T v of 117 K and that the contribution from hematite is limited (Figures 5 and 6s ) [Huang et al., 2015c] . SEM observations further indicate that detrital magnetite is widespread and that authigenic magnetite formed during pyrite oxidation appears to be absent (Figures 5q-5s and 5u-5w) . Therefore, the fresh volcaniclastic sandstones of the Wölong Formation retain a primary depositional remanent magnetite (DRM) carried by magnetite. For the yellowish weathered volcaniclastic specimens, an overprint by PDF is usually isolated below 20 mT or 200°C and no stable ChRM can be determined ( Figure S3 in the supporting information) [Huang et al., 2015c] . Thermomagnetic experiments, hysteresis measurements performed in this work, and end-member modeling of IRM [Huang et al., 2015c] show the presence of hematite in these specimens, which is also indicated by the small drop in remanence during the Morin transition in the LTC RTSIRM curves (Figure 5l ). Detrital magnetite should still have a significant contribution to the remanence in these specimens as indicated by the distinctive drop in remanence across Verwey transition in the LTC RTSIRM curves (Figure 5l ). The ZFC SIRM warming curves, however, show a blurred Verwey transition with a much smaller peak at higher temperatures (~123 K) (Figure 5p ). It is very likely that the Verwey transition is smeared out by progressive unblocking of SP authigenic magnetite [Moskowitz et al., 1989] ; this is supported by the observation of authigenic magnetite formed as a product of pyrite oxidation (Figures 5t and 5x) . A stable primary DRM was probably partially destroyed by alteration of the detrital magnetite or was contaminated by the CRM residing in SSD magnetite, which is cogenetic to the authigenic SP fraction. Fortunately, most volcaniclastic specimens from the Wölong Formation are fresh or experienced only weak incipient weathering to retain a primary DRM, whereas strongly weathered specimens are found only near the top of Section I [Huang et al., 2015c] .
Mechanisms for Remagnetization of the Carbonate Rocks Across Himalaya
While thermoviscous resetting might be a plausible scenario to explain remagnetization of carbonate rocks under specific conditions [e.g., Kent, 1985] , the prevailing mechanism involves chemical alteration and growth of authigenic magnetic minerals at temperatures below their Curie temperatures [e.g., McCabe and Elmore, 1989; Dekkers, 2012; Jackson and Swanson-Hysell, 2012; van der Voo and Torsvik, 2012] . Secondary NRMs residing in pyrrhotite have been commonly isolated from metamorphic rocks (mostly metacarbonate rocks) across the Himalaya [Appel et al., 2012, and references therein] . The formation of pyrrhotite is largely due to desulphidation of pyrite under oxidizing conditions or breakdown of magnetite under reducing conditions at elevated temperature [e.g., Ferry, 1981; Hall, 1986; Rochette, 1987] . Pyrrhotite can also be formed extremely slowly at low temperature (<100°C) [e.g., Larrasoaña et al., 2007; Aubourg et al., 2012; Roberts et al., 2013] . A primary NRM can be easily erased and replaced by secondary magnetization carried by pyrrhotite in metacarbonate rocks from the Himalaya. Our rock magnetic tests show, however, that pyrrhotite has no or little contribution to magnetic properties in the nonmetamorphosed carbonate rocks in the Tingri and Gamba areas.
Instead, we have identified that SP + SD and SP + PSD magnetite is the dominant magnetic carrier in these carbonate rocks. The SP fraction of magnetite is characterized by the low-temperature hysteresis, ZFC SIRM warming, and AC susceptibility measurements, which show strong temperature dependence of the hysteresis parameters (Figure 7 ), 64-93% remanence loss on warming from 20 to 300 K (Figures 8i-8p) , and strong frequency dependence of in-phase susceptibility (Figure 9 ). The calculated particle size distribution of magnetite from ZFC SIRM curves indicates a broad, unimodal size distribution of the SP particles which peaks at a calculated~10 nm grain diameter (Figures 8q-8x) . Although the SP fraction of magnetite is not the carrier of the ancient NRM, it is crucial for understanding the origin of the (presumably) SD/PSD grain population: the SD/PSD grains are the large grain size end-members of the authigenic magnetite population [Jackson and Swanson-Hysell, 2012] . In these carbonate rocks, eolian delivery (including extraterrestrial fluxes) [e.g., Oldfield et al., 1985; Lanci and Kent, 2006] because the characteristics of magnetite with these origins have not been identified in our rock magnetic tests and petrographic observations. Detrital magnetite grains in PSD/MD size range can also be transformed to SP-SD sizes by reductive dissolution during diagenesis [e.g., Karlin and Levi, 1983; Smirnov and Tarduno, 2001] . Given that major shortening accommodated by thrusting and folding occurred in the Himalaya after the onset of the India-Asia collision [DeCelles et al., 2002; Long et al., 2011] and marly limestones are common in the Jurassic to Paleogene strata of interest (Figure 2) , pressure solution and transformation of iron-rich smectite to illite (containing less iron than smectite) + magnetite during clay diagenesis might be a source for formation of SP + SD/PSD magnetite [e.g., Jackson et al., 1988; McCabe and Elmore, 1989; Katz et al., 2000; Zegers et al., 2003; Tohver et al., 2008; Zwing et al., 2009; Elmore et al., 2012] . However, widespread authigenic magnetite pseudomorphic after pyrite, indicated by our SEM observations and EDS analyses (Figures 4  and 10) , strongly suggests that oxidation of early diagenetic iron sulfides (i.e., pyrite or perhaps minor greigite) to magnetite is probably the principal mechanism for producing magnetite populations spanning the SP-SD/PSD range and inducing remagnetization of these carbonate rocks. This mechanism has also been widely documented in remagnetized carbonate rocks of the Appalachians in the U.S. [Suk et al., 1990a [Suk et al., , 1990b [Suk et al., , 1993 , the Cantabrian mountain chain in Spain [e.g., Van der Voo et al., 1997; Weil and Van der Voo, 2002] , and the carbonate rocks from the Zongpu Formation in the Gamba area [Huang et al., 2017] . This process might be facilitated by the formation of a maghemite shell during subsequent oxidation of authigenic magnetite (see section 3.3.2), which can significantly reduce the grain size of the magnetite and may lead to strong superparamagnetism [Özdemir et al., 1993] .
Grain growth of authigenic magnetic particles is often assisted by fluid [e.g., Dekkers, 2012; Elmore et al., 2012 ]. An origin from fluid circulation is strongly supported by the widespread calcite veins in the Jurassic to Paleogene carbonate rocks in the Tingri and Gamba areas [Jadoul et al., 1998; Hu et al., 2012; Li et al., 2015; Han et al., 2016] . Orogenic fluids, pumped by tectonically induced overpressures, or gravity, have also been argued to cause remagnetization in a variety of rocks in the Lhasa terrane [Huang et al., 2015a [Huang et al., , 2015b . The directions of the isolated secondary remanence in the Paleogene carbonate rocks of the Zongpu Formation in the Gamba areas would imply paleolatitude of~19°N, that is, adjacent to the southern margin of the Lhasa terrane during the early Paleogene [Hu et al., 2016a; Huang et al., 2017] . This likely indicates that remagnetization may be related to orogenic fluid flow within the Tibetan Himalaya shortly after the onset of the India-Asia collision, recently estimated to be~59-56 Ma based on stratigraphic and sedimentological arguments [e.g., Wang et al., 2011; Hu et al., 2012 Hu et al., , 2015a Hu et al., , 2015b Hu et al., , 2016a Hu et al., , 2016b Hu et al., , 2017 DeCelles et al., 2014; Orme et al., 2014; Ding et al., 2016] . Nonetheless, we argue that it is unlikely that orogenic fluids are responsible for remagnetization of the Jurassic carbonate rocks in Section I given that the secondary NRM was induced at 23.8°S when the Tibetan Himalaya was far away from Asia [Huang et al., 2015c] . It is difficult to evaluate the source of the fluid-induced remagnetization of the Jurassic carbonate rocks. It is clear, however, that these oxidizing fluids did not circulate through the overlying Lower Cretaceous volcaniclastic sandstones, because the thick intercalated organic-rich black shales of the Wölong Formation [Huang et al., 2015c] probably acted as an aquitard.
Other workers have recognized that remagnetization can be associated with the depositional environment of the host carbonate rocks [Zwing et al., 2005; Jackson and Swanson-Hysell, 2012] . Carbonate rocks with primary NRMs are usually deep water pelagic limestones with substantial contributions from detrital or biogenetic SD/PSD/MD magnetite [Channell and McCabe, 1994; Tarduno and Myers, 1994; Abrajevitch and Kodama, 2009; Chang et al., 2013; Roberts et al., 2013] , whereas remagnetized carbonate rocks are commonly deposited in shallow-water environment. Most Jurassic-Paleogene limestones exposed in the Tingri and Gamba areas are, indeed, shallow-water carbonates deposited on a continental shelf or on a carbonate ramp [Jadoul et al., 1998; Hu et al., 2012; Li et al., 2015; Han et al., 2016] . The Upper Cretaceous carbonate rocks from the Gambacunkou and Jiubao Formations, however, accumulated in a hemipelagic and/or pelagic environment [Willems et al., 1996; Hu et al., 2012; Li et al., 2015] . Low clastic influx and high carbonate productivity can explain the low concentration of detrital magnetite in these rocks. Because of reductive dissolution and authigenic magnetic particle growth assisted by oxidizing fluids during burial and diagenesis, we argue that the carbonate rocks of the Tibetan Himalaya rarely retain a primary NRM and, as a rule of thumb, are pervasively remagnetized, unless demonstrated otherwise.
We have documented evidence for pervasive remagnetization of the Jurassic to Paleogene carbonate rocks in the TH. Paleomagnetic poles 16-22 and 27 ( Figure 1c ) determined from these rocks are therefore unreliable and should not be used for tectonic reconstructions. The dimension of Greater India in Jurassic and
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through Late Cretaceous to Paleogene remains unsolved, and the initiation of India-Asia collision cannot yet be constrained precisely by paleomagnetism [Huang et al., 2017] . We also note that the paleolatitudes (poles 28-33 in Figure 1c ) of Triassic rocks within the TH [Klootwijk and Bingham, 1980; Klootwijk et al., 1983; Appel et al., 1991; Schill et al., 2002; Ran et al., 2012] come from carbonate rocks. Despite the fact that the paleolatitudes that were calculated from these rocks follow the paleolatitudinal evolution of Gondwana in the Triassic [e.g., Li et al., 2016] , we here tentatively suggest that the reliability of these poles in the absence of the rigorous rock magnetic and electron microscopic assessment as presented in this paper requires further testing.
Criteria for Diagnosing Remagnetization of Carbonate Rocks in Southern Tibet
Besides the widespread secondary remanence residing in pyrrhotite [e.g., Crouzet et al., 2001; Appel et al., 2012] , we have detected pervasive remagnetization residing in authigenic magnetite in unmetamorphosed carbonate rocks of the TH. Paleogeographic reconstructions of the Tibetan Himalaya and India-Asia collision could be seriously flawed when remagnetization of carbonate rocks is not identified. Therefore, below we outline criteria-room temperature hysteresis measurements, low-temperature hysteresis, RTSIRM, LTSIRM, and AC susceptibility, and electron microscopy-that are independent from paleomagnetic directions but can aid in recognizing cryptic remagnetization in a more robust way.
Similar to remagnetized carbonate rocks in North America and Europe [e.g., McCabe et al., 1983; Jackson, 1990; Suk et al., 1991; Dinarès-Turell and Garcia-Senz, 2000; Weil and Van der Voo, 2002; Gong et al., 2009] , we find that the remagnetized unmetamorphosed carbonate rocks from the TH contain high concentrations of authigenic fine-grained (SP) magnetite. Room temperature hysteresis loops of these remagnetized carbonate rocks are often wasp waisted and hysteresis parameters plot near the SP + SD/PSD mixing curves on Day plot (Figure 6 ), which are distinct from the trend of nonremagnetized pelagic carbonate rocks [e.g., Channell and McCabe, 1994; Jackson and Swanson-Hysell, 2012; Roberts et al., 2013] and Wölong volcaniclastic sandstones ( Figure 6 ). We note, however, that a remagnetization test based on room temperature hysteresis behavior is only robust when authigenic phases represent an overwhelming majority of the magnetic mineralogy and detrital phases are not present in significant amounts [Zwing et al., 2005] . A special case is from the Zongshan carbonate rocks: although hysteresis loops are mostly pot bellied (Figures 4e-4h ) and the hysteresis parameters mainly plot along the SD + MD mixing curves in the region of nonremagnetized carbonate rocks (Figure 6s ), SEM observations show that authigenic magnetite has a greater abundance than detrital magnetite (Figures 4i-4t) . Therefore, we conclude that carbonate rocks of the Zongshan Formation are partially remagnetized and should not be used for paleogeographic reconstructions. The failure of using hysteresis data to fingerprint remagnetization of Zongshan carbonate rocks is probably caused by the amount of detrital magnetite within the rocks, which shifts the peak of the size distribution into the PSD-MD range [Jackson and Swanson-Hysell, 2012] . Hysteresis loops favor larger grain size because of the large volume of such grains.
Another potential tool for diagnosing remagnetization of unmetamorphosed carbonate rocks utilizes the low-temperature rock magnetic properties. Suppressed Verwey transitions in both LTC RTSIRM and ZFC SIRM curves of the remagnetized carbonate rocks (Figure 8 ) are distinct from the clear Verwey transitions in nonremagnetized pelagic carbonate rocks [e.g., Channell and McCabe, 1994; Abrajevitch and Kodama, 2009; Chang et al., 2013] and volcaniclastic sandstones (Figures 5i-5k and 5m-5o ). The suppressed Verwey transition indicates that the magnetic carrier in remagnetized carbonate rocks is nonstoichiometric magnetite. The cation deficiency of the authigenic magnetite is probably the result of oxidation of iron sulfide to magnetite and subsequent (partial) maghemitization of this authigenic magnetite [Özdemir et al., 1993; Jackson and Swanson-Hysell, 2012] . Nonremagnetized pelagic carbonate rocks often have stoichiometric detrital magnetite or biogenic magnetite as their dominant magnetic carrier which leads to well resolved Verwey transitions [e.g., Moskowitz et al., 1993; Channell and McCabe, 1994; Chang et al., 2013] . We note that a suppressed Verwey transition is also observed in pelagic carbonate rocks with highly to fully oxidized biogenic magnetite [e.g., Chang et al., 2013] . However, the SP fraction in such rocks is usually limited, which is distinctly different from what we observe in remagnetized carbonate rocks, as evident in the shift of low-temperature hysteresis parameters (Figure 7) , the remanence drop during ZFC SIRM warming (Figure 8) , and temperaturedependent AC susceptibility (Figure 9 ). The carbonate rocks from the Zongshan Formation are a special case with both authigenic magnetite formed during oxidation of diagenetic pyrite and detrital magnetite.
Journal of Geophysical Research: Solid Earth
10.1002/2017JB013987
Although no low-temperature rock magnetic data are available for these specimens, we predict a detectable Verwey transition in the LTC RTSIRM curves but a blurred or suppressed Verwey transition in the ZFC SIRM warming curves. The weathered volcaniclastic sandstones from the Wölong Formation (Figures 5l and 5p) show similar features, and the much lower concentration of detrital magnetite in carbonate rocks will make it more difficult for the Verwey transition to become visible, especially in ZFC SIRM warming curves. Therefore, lowtemperature rock magnetic properties could possibly provide a more reliable tool than room temperature hysteresis characteristics for evaluating whether the carbonate rocks retain a primary or secondary NRM.
Microscopic observations, including SEM and transmission electron microscopy, can greatly facilitate diagnosis of remagnetization in carbonate rocks [Suk et al., 1990a [Suk et al., , 1990b [Suk et al., , 1991 Weil and Van der Voo, 2002; Huang et al., 2015c] . We have observed large amounts of magnetite in carbonate rocks that are pseudomorphs after (sub)euhedral and framboidal pyrite, strongly indicating that this magnetite has an authigenic origin formed during the oxidation of diagenetic pyrite (Figures 4, 5 , and 10). SEM observations have also shown that these authigenic magnetite have a heterogeneous texture with pyrite, calcite, and other minerals or voids inside their crystals (Figures 4, 5 , and 10), which may explain the rock magnetic behavior of authigenic magnetite that is distinct from that of stoichiometric magnetite. We also have detected rutile pseudomorphic after titanomagnetite (Figures 4, 5, and 10), indicating reductive dissolution of detrital titanomagnetite during diagenesis. Although some detrital titanomagnetite grains survive diagenetic alteration in the Zongshan carbonate rocks, the overwhelming abundance of authigenic magnetite within these specimens challenges the interpretation that a primary NRM can be isolated in these rocks (Figure 4 ). SEM observations have also confirmed that detrital magnetite is the dominant magnetic carrier and diagenetic pyrite is not oxidized in the fresh Wölong volcaniclastic specimens ( Figure 5 ). The weathered specimens, however, appear to have suffered the same oxidation as the carbonate rocks, with large amounts of authigenic magnetite formed after pyrite ( Figure 5 ). Thus, SEM observations have helped us conclude that dissolution of detrital magnetite and oxidation of iron sulfides to magnetite are the principal remagnetization mechanisms in the Tibetan Himalayan carbonate rocks. Therefore, electron microscopy can provide independent constraints on textural relationships and diagenetic conditions of magnetic minerals and is thus a powerful tool for recognizing remagnetization.
Conclusions
The Jurassic to Paleogene strata of the Tibetan Himalaya, mainly composed of carbonate and clastic rocks, were deposited on the northern passive margin of the Indian subcontinent. In this paper, we applied multiple rock magnetic measurements, SEM observations, and EDS analysis on the carbonate and volcaniclastic specimens from these unmetamorphosed strata exposed in the Tingri and Gamba areas. Comprehensive rock magnetic experiments indicate that the dominant magnetic carrier in the carbonate rocks is magnetite, with properties distinguished by wasp-waisted hysteresis loops, hysteresis parameters that plot near or along the SP + SD/PSD mixing curves on the Day plot, suppressed Verwey transitions, an unimodal size distribution of the SP particles with peaks at~10 nm in diameter, extremely fine grain sizes with 64-92% of ZFC LTSIRM lost at room temperature, and strong frequency dependence of magnetic susceptibility. The magnetic carrier in the volcaniclastic sandstones is also magnetite, but the rock magnetic behavior is distinctly different: potbellied hysteresis loops, hysteresis parameters that plot near the SD + MD mixing curves on the Day plot, and clear Verwey transitions. SEM observations and EDS analysis indicate that authigenic magnetite pseudomorphic after iron sulfide is abundant in the carbonate rocks, whereas detrital magnetite that survived diagenetic alteration is rarely found. In contrast, the volcaniclastic sandstones contain large amounts of detrital magnetite with pyrite rarely oxidized to magnetite in fresh specimens. Our rock magnetic and petrographic investigations provide independent constraints on the origin of the NRM retained in these rocks: the Jurassic to Paleogene Tibetan Himalayan carbonate rocks are pervasively remagnetized, whereas the Lower Cretaceous volcaniclastic rocks retain a primary NRM. Remagnetization of the carbonate rocks is probably induced by reductive dissolution of detrital magnetite and oxidation of early diagenetic iron sulfides (i.e., pyrite) to nonstoichiometric magnetite. We infer that these processes were assisted by fluids (either internally buffered or externally derived) before or shortly after the onset of the India-Asia collision. Our work demonstrates that room temperature hysteresis properties, low-temperature hysteresis, RTSIRM, LTSIRM, and AC susceptibility, as well as petrographic observations, are reliable criteria for diagnosing remagnetization in carbonate rocks. We argue that thorough rock magnetic and petrographic studies are prerequisites for paleomagnetic studies throughout southern Tibet and everywhere in general.
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